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Abstract 
This work proposes a hybrid system based on gas turbine or steam/gas plant integrated with a solar field either to 
provide a part of the heat addition or to replace the combustor in the case that the only solar heat input is enough to 
ensure that the working fluid reaches the turbine inlet temperature. The system can operate in a pure combustion 
mode when solar irradiance is weak during some hours in the day or seasons. 
A thermodynamic model for a hybrid solar gas-turbine power plant is presented. The system consists of a micro gas 
turbine (100 - 110 kW) supported by a solar field to integrate heat for the regeneration and combustion through heat 
exchangers. In this way, a hybrid thermal energy supply is considered, combining the use of biogas with thermal 
power from a solar field. The methodology is based on a combined thermodynamic - CFD based approach. The 
overall plant performance is estimated by the Thermoflex software, a modular program that allows assembling a 
model with several components. In a second phase, the authors have carried out a CFD analysis of the reacting flow 
through the micro GT combustor when supplied with a typical biogas from anaerobic digestion in replacement of the 
conventional natural gas, in order to check the combustion effectiveness and the environmental impact of the gas 
turbine at several load levels and ambient conditions. The CFD modeling is performed by using the Fluent flow 
solver. 
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1. Introduction 
Different kinds of hybridization between solar source and gas turbines have been proposed in last 
decade. Solar tower is the classical configuration used with a gas turbine; the SOLGATE (Solar Hybrid 
Gas Turbine Electric Power System) project [1-3], made up using the CESA1 solar tower and field 
installed at Platform Solar de Almería (Spain) is an example. Its purpose was the development of a solar-
hybrid power system with direct solar heating of pressurized air. The objective of the project called 
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SOLUGAS [4] is to develop the first solar hybrid driven gas-turbine system on a pre-commercial scale. 
The heliostat field used is the Solúcar platform (Sanlúcar La Mayor, Sevilla, Spain). SOLUGAS receiver 
is adopted to heat pressurized air to operation temperature of 800 °C, while then the air is sent into the 
combustion chamber of a 4.6 MWe industrial gas turbine. Although CSP systems do not allow reaching 
the same high temperatures obtained with the solar tower configuration, they have been studied in several 
projects. In this paper, a hybrid solution with a solar tower and an 110kW regenerative micro-turbine has 
been analyzed; this plant also presents the possibility to operate with combined heat and power 
production, so that the objective is a reduction of the energy production costs. The driving idea is to 
provide the system with the additional solar heat after the internal recuperation up to a full replacement of 
the combustion in the case that the only solar input is enough to ensure that the working fluid reaches the 
turbine inlet temperature. Of course, the system can operate in a pure internal combustion mode when 
solar irradiance is weak or completely absent. Two different computational tools have been used for the 
plant performance evaluation: in the first part, the plant analysis was carried out with the Thermoflex© 
software, under a wide variety of load levels and environmental conditions. The study is then completed 
by the simulation, with Ansys Fluent©, of the reacting flows through the combustor when supplied with 
natural gas [5-8], in order to check the combustion effectiveness and the environmental impact of the 
MGT at several ambient conditions, which are characterized by variations in air temperature and solar 
irradiance. 
 
Nomenclature  
T Temperature 
2r Air conditions after recuperator 
2s Air conditions after solar heating 
 
 
Fig.1: Plant scheme. 
2. Plant simulation 
The plant layout based on the recuperated micro- gas turbine is displayed in figure 1; the solar integration 
is obtained by means of a solar tower (6); the air path through this component is located between the 
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recuperator (5) and the combustor (3). In the hot gas side, after the recuperated process, the flue gas enters 
a further heat exchanger (8) for hot water production.  
Air flows through the compressor (2), and then it is preheated through the recuperator cold side. 
Subsequently it passes first through a solar tower (6) and then accesses the combustion chamber (3), so 
reaching the firing temperature. The combustion gases coming from combustion chamber expand through 
the turbine (4) and then proceed towards the recuperator hot side (5) and a heat recovery system before 
reaching the stack.  The energy contribution of solar tower depends on daytime and weather conditions, 
so that the fuel amount to the combustion chamber varies in order to keep maximum temperature at its set 
point value: the lower the solar contribution the higher the fuel flow rate to the combustion chamber.  
 
Fig.2: Turbec T100 operating maps: a) compressor, b) turbine 
Table 1  Plant summary 
Ambient pressure [bar] 1,013 
Ambient temperature [°C] 15 
Ambient RH [%] 60 
Ambient wet bulb temperature [°C] 10,82 
Gross power [kW] 108 
Gross electric efficiency  [%] 31,8 
Gross heat rate  [kJ/kWh] 11320 
Net power [kW] 107 
Overall electric efficiency [%] 31,48 
Net heat rate [kJ/kWh] 11435 
Net thermal input [kW] 339,8 
Compression Power [kW] 178,6 
Expansion Power [kW] 294,4 
Direct Normal Irradiance [W/m2] 780,7 
Number of solar fields 1 
Reflective area (per field) [m2] 245,9 
Heat transferred from solar source [kW] 135,8 
 
The plant has been simulated basing on the gas turbine TURBEC T100, whose operating maps, for 
compressor and turbine are reported below in fig 2 (a, b). In such a way, a realistic simulation of the off-
design response of the plant is allowed, for changes in both the environmental conditions and in the load 
level.  
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The friction losses in the plant have been set in order to have real working situations for the machines, 
since the maximum operative pressure ratio of the Turbec T100 is of nearly 4.5 and greater values are not 
allowed. Both the regenerator and the water heater present a 'P/P ratio for each fluid equal to 2%, while 
the ɛ efficiencies of the heat exchanges are equal to 0,9. The stack temperature has been fixed at 100 °C, 
so that the maximum amount of heat is available to produce hot water, compatibly with the regulations in 
force. A plant data summary is reported in table 1. The electric power from the plant is defined as Net 
power, while the Net thermal input is the total heat provided in the combustion chamber and by the solar 
system; the ratio between these two parameters is the Overall electric efficiency. The mirror reflecting 
area was estimated by considering the solar irradiance at vernal equinox noon (40.1° latitude) for 
allowing the air temperature to reach the 750 °C level. The firing temperature is of 950 °C (fig. 1). 
2.1. Off-design mode 
Influence of the day of the year 
The first kind of analysis regards the evaluation of the performances of the plant by changing the day 
of the year – and, of course, the Direct Normal Irradiation [W/m2] and the environmental temperature 
[°C]; the aim of the simulation is the evaluation of the plant parameters behavior. The same off-design 
conditions have been examined by using the biogas (digester gas with 62% of CH4, 36% of CO2 and 2% 
of N2) as fuel; since it has a lower LHV (19000 kJ/kg) than the one of the natural gas, the air mass flow 
rates, the efficiencies and the powers involved will undergo slight differences. Several graphs with the 
yearly trends of the most significant performance parameters are obtained for the two fuels considered 
(fig. 3a, b) (fig. 4 a, b). The trend of the parameters with biogas is similar to the cases with natural gas. 
 
 
Fig.3: a) Plant overall Electric Efficiency, b) Net Power-Net Thermal Input. 
 
Fig.4: a) Air Mass Flow Rate, b) Fuel Mass Flow Rate. 
Overall electric efficiency (fig. 3a) decreases in the warmest days of the year because - in percentage - 
the reduction of  Net power output is greater than the reduction of  Net thermal input (fig. 3b). The mass 
flow rate decreases during the warmest days of the year (fig.4a) because of the reduced air density. Then, 
by keeping the same turbine inlet temperature, fuel mass flow rate decreases (figure 4b) when a higher 
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temperature at the exit of the solar system is reached, thanks to a more intense irradiation and a lower air 
mass flow rate (for both fuels). Therefore, this last condition leads to an increased fuel energy saving.  
Part-load conditions 
The second kind of analysis regards the performance evaluation of the plant working at part-load 
conditions. Starting from the reference case analyzed in the Thermo-dynamic design mode, the shaft 
current rotating speed has been gradually reduced accordingly with the Net power output, by keeping the 
same maximum temperature of the cycle. In figure 5 (a, b) and figure 6 (a, b)  the results are shown. 
 
 
Fig.5: a) Overall Electric Efficiency, b) Net Thermal Input. 
 
Fig. 6: a) Air Mass Flow Rate, b) Fuel Mass Flow Rate 
As shown, the overall electric efficiency (referred to the total amount of heat transferred to the air) 
undergoes only slight variations at part-load conditions; this is mainly because a lower air mass flow rate 
occurs at reduced load, with the same firing temperature. The latter circumstance is made possible by the 
presence of the solar tower that allows, therefore, an off-design behavior that is strongly different from 
the response of a conventional micro gas turbine. Actually, the variable speed operation indices a 
decrease in both air flow rate and pressure ratio. Consequently, some significant changes take place in the 
thermal cycle. A comparison between the Brayton cycles at part load and full load (continuous and 
dashed lines, respectively) is given in figure 7: 1) the reduced pressure ratio leads to higher temperatures 
at the turbine outlet; 2) the air temperature at the recuperator outlet is increased; 3) the combined effect of 
the latter temperature and of the lower airflow rate induces higher temperature at the solar tower exit and 
this finally explains the reduction in the heat supply by solar source and fuel combustion (fig. 5b). 
Although the efficiency of a plant generally decreases at partial load conditions, in the analyzed cases it 
increases, thanks to the presence of regeneration and solar tower. Also in the case of fueling with a gas 
from anaerobic digestion, the electric efficiency is almost stable, or slightly increasing, when reducing the 
power output, since the decrease in air mass flow rate combined with the contribution of the solar heating 
leads to a considerable reduction in both thermal input and fuel mass flow rate. Therefore, it is confirmed 
that the hybrid power plant, thanks to the solar integration, exhibits a much more favourable off-design 
response than the one obtainable from the standard operation of the micro gas turbine.  
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Fig.7: Comparison between different Brayton cycles at full and part load (dashed lines). 
2.2. Further off-design efficiencies  
A different thermal efficiency was calculated, for both fueling conditions, by considering at the ratio of 
the Net electric power to the thermal input provided to the combustion chamber only by the fuel supply. 
The graphs are reported in figure 8 (a, b). Since this efficiency refers to lower thermal input, the related 
values are noticeably higher than those reported in the previous diagrams. By varying the day of the year 
(fig. 8a), in the hottest days, with the increasing of the temperature at the exit of the solar tower, and the 
consequent reduction of fuel mass flow rate, this efficiency increases, differently from the Net Electric 
Efficiency that decreases (fig. 3a). By varying the shaft current rotating speed and the Net Power output 
(fig. 8b), efficiency increases (fig. 6a). 
 
 
Fig.8: a) Efficiency evaluated during the year, b) by varying the Net Power (Shaft Rotating Speed) 
3. CFD analysis of the combustion 
In order to achieve a more comprehensive evaluation of the benefits that are expected from the solar 
integrated power plant, the authors have included in their methodology the CFD based analysis of the 
combustor when operated under strongly modified boundary conditions [8]. The contribution of the solar 
field results in a considerable increase of the combustor inlet temperature (table 3) and in a strong 
reduction of the fuel/air ratio that is needed to reach the target firing temperature. Only along the pilot line 
the equivalence ratio has been left unchanged at a nearly stoichiometric value, in order to ensure  proper 
ignition of the premixed reactants. All computations refer to natural gas fuelling. Table 2 puts into 
evidence that the reacting mixture is characterized by a much leaner equivalence ratio if compared to the 
one occurring at standard operation of the micro gas turbine, without any solar integration. The same 
table summarizes the boundary conditions that correspond to different typical days in the year, so with 
appreciable variations in the solar irradiance level and in air temperature as well. The computations have 
been carried out in a 2D, axisymmetric domain with a block-structured mesh of 40000 cells. The 
combustion chamber geometry is described in [7-9]. The turbulence - chemistry interaction is approached 
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by a finite rate - eddy dissipation scheme and the turbulence parameters are estimated by a Reynolds 
Stress model. Table 3 summarizes the main results within the combustion core and at the combustor 
outflow. 
Table 2  Boundary condition data for the combustion simulation (base rating) 
 Standard Operation March 23rd June 15th Dec. 15th 
Combustor Inlet Temp., K 900 1024 1048 973 
Oxidant mass flow rate, kg/s 0.809 0.804 0,766 0,821 
Fuel mass flow rate, kg/s 0.00770 0.00439 0,00370 0,00558 
Fuel % to pilot 10% 10% 10% 10% 
Overall equiv. ratio 0.153 0,088 0,078 0,110 
Lean Premix.   line equiv. ratio 0,501 0,287 0,253 0,358 
Pilot line equiv. ratio 0,979 0,979 0,980 0,977 
Table 3. Combustor core and outlet properties from CFD  based simulations 
 Core Outlet 
 > @2O  
%, mol. 
Tmax 
K 
T  
K 
[NO] 
p.p.m. 
[CO] 
p.p.m. 
[UHC] 
p.p.m. 
Standard 
Operation 
15.87 2723 1218 149 53 166 
March 23rd 18.37 2715 1187 36 8 17 
June 15th 18,87 2723 1178 27 12 23 
Dec. 15th 17,61 2730 1182 66 31 89 
 
The reduced equivalence ratio results in an increased level of oxygen concentration and this explain 
the relevant decrease in unburned species and carbon monoxide with respect to the standard operation. 
The thermal nitric oxides, estimated with the Zel’dovich mechanism, also undergo a significant reduction: 
the temperature peak remains practically unchanged but the extent of the regions above 2000 - 2200 K is 
dramatically restricted when operating the combustor with the solar integration (fig. 9). Consequently, the 
nitric monoxide level is considerably cut-off (fig. 10); the effect appears to be similar to the one 
obtainable from mild combustion conditions.  Actually, the increased air inlet temperature, together with 
the small temperature raise throughout the combustion chamber, allows the process to approach the 
conditions for a flameless combustion. Therefore, the solar integration in the hybrid power plant promises 
benefits not only in terms of energy savings but also by the environmental point of view. 
Conclusions  
The authors have examined in this paper a proposal for the integration of a micro gas turbine with a 
solar field with a tower placed receiver. Such a solution has been first analyzed by means of a 
thermodynamic approach that includes the matching between the rotating and stationary components. The 
analysis has been carried out along a yearly period and it has confirmed that significant benefits can be 
obtained in terms of fuel saving and increase in the thermal output availability. In this sense, the solar - 
integrated CSP power plant appears to be suitable to meet a wide range of electrical and thermal 
demands. Of particular interest has been the part-load analysis since, differently from the standard 
operation of the micro turbine at reduced power output, further benefits are expected in terms of fuel 
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saving. Finally, the CFD based analysis of the combustor has highlighted that a correct combustion 
process takes place under a wide variety of conditions that are induced by the changes in solar irradiance. 
In all cases, a decrease in all the major pollutant species has been observed and this latter consideration 
makes the present proposal of interest for further deeper analyses of the solar integrated power plant. 
 
         Fig.9. Temperature distributions [K]            Fig. 10. Mass fraction of nitric monoxide 
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